The severe liver pathology of untreated Wilson disease (WD) is associated with massive copper overload caused by mutations in a liver-specific copper-transporting ATPase, ATP7B. While early, presymptomatic detection and chelation with conventional copperbinding molecules enables effective and life-saving treatment, liver transplantation is the sole option currently available for those with advanced disease. In this issue of the JCI, Lichtmannegger, Leitzinger, and colleagues delineate the therapeutic effect of methanobactin (MB), a potent bacterial copper-binding protein, at three late stages of disease in a WD rat model. Their results suggest that a formal clinical trial of MB in human subjects with severe hepatic pathology caused by WD would be rational. C o m m e n t a r y 2 4 1 2
Wilson disease: an overabundance of copper
Wilson disease (WD) is an autosomal recessive disorder that results in dysfunctional copper transport and accumulation of copper within the liver and brain. WD arises from an inborn error of metabolism and has long enjoyed certain notoriety because, unlike so many other heritable metabolic disorders, WD is considered eminently treatable. WD was clinically described over 100 years ago by S.A.K. Wilson, an American neurologist working in England, and the etiologic connection with copper overload was discerned by the London-based pathologist J.N. Cummings 36 years later (1, 2) . Oral therapy involving D-penicillamine (D-PA), a small free thiol derived from penicillin, was first conceived in 1955 by J.M. Walshe, a British physician working at Boston City Hospital in Massachusetts (3). Walshe had recognized that the sulfhydryl group of D-PA could make the molecule active as a copper chelator. As once described anecdotally (and modestly) to this commentator, Dr. Walshe prescribed this chemical to a man with WD who was hospitalized at Boston City Hospital, although only after Dr. Walshe had consumed a gram himself ! A two-gram supply had been obtained from a Massachusetts Institute of Technology chemist who was a friend of Dr. Walshe's clinical mentor. When Walshe awoke safely in his on-call room the morning after this personal experiment and assessed that "it hadn't killed me," he tested his hypothesis in the patient with WD. A massive increase in urinary copper excretion and clinical improvement were documented in the patient, thereby paving the way for successful treatment of thousands of patients with WD in the decades to follow. Thus, well before the identification of the precise molecular, biochemical, cell biological, and physiological intricacies of WD, copper chelation offered a rational medical treatment (4-7).
More advanced stages of WD, which involve severe liver disease or neurological presentations, have, however, been far more difficult to arrest with D-PA or other subsequently developed copper chelators, such as trientine (TETA) and tetrathiomolybdenate (TTM) (8) (9) (10) (11) (12) . Zinc therapy (8, 11, 12) , an alternative approach based on limiting gastrointestinal absorption of copper via induction of metallothioneins, small cytosolic proteins that sequester copper, has also been unsuccessful in patients with advanced WD. Liver transplantation for WD, which was first performed by T.E. Starzl in Denver in 1975, remains the only curative treatment available for patients in whom the disease has advanced to fulminant hepatic failure (13) . While liver transplantation has been successful in the vast majority of WD patients who require it, this procedure carries significant risks, including complications related to surgery and anesthesia and organ rejection or dysfunction, in addition to the potential side effects of a lifelong immunosuppressant drug regimen.
Methanotroph-derived copperbinding protein shows promise
In this issue, Lichtmannegger, Leitzinger, and colleagues tackle the difficult challenge of medical treatment for advanced WD (14) . The authors used a reliable rat model of WD to evaluate the efficacy of a bacterial copper-binding peptide, methanobactin (MB), for the treatment of animals at three progressively worse stages of disease. MB is a well-characterized protein produced by the bacterium Methylosinus trichosporium OB3b, which possesses membrane permeability and exceptionally high avidity for copper, the latter via a unique N 2 S 2 -binding site (15) . Methane-oxidizing bacteria (methanotrophs), such as M. trichosporium, require large quantities of copper to serve as a cofactor for methane monooxygenase activity; therefore, MB is essential for copper acquisition by these organisms. The severe liver pathology of untreated Wilson disease (WD) is associated with massive copper overload caused by mutations in a liver-specific copper-transporting ATPase, ATP7B. While early, presymptomatic detection and chelation with conventional copper-binding molecules enables effective and life-saving treatment, liver transplantation is the sole option currently available for those with advanced disease. In this issue of the JCI, Lichtmannegger, Leitzinger, and colleagues delineate the therapeutic effect of methanobactin (MB), a potent bacterial copper-binding protein, at three late stages of disease in a WD rat model. Their results suggest that a formal clinical trial of MB in human subjects with severe hepatic pathology caused by WD would be rational. jci.org Volume 126 Number 7 July 2016 perature instability of the product were noted. A modified formulation to enable oral administration, the route for other copper chelators used in WD treatment, would be welcome. Second, MB does not appear to cross blood-brain or blood-cerebrospinal fluid barriers, leaving the urgent need for more effective treatment of the neurological aspects of WD, when present, unmet (7, 9) . Intrathecal MB administration may be a future consideration for delivery to the CNS. Unfortunately, such an approach cannot be readily assessed, as no current animal models faithfully recapitulate the accumulation of copper in the brain seen in patients with advanced disease. Third, if MB readily enters mitochondria, it seems plausible that this bacterial peptide permeates other intracellular compartments, such as lysosomes, which have recently been shown to perform an important role in normal liver copper homeostasis involving exocytosis (refs. 18, 19) . Fourth, while the limited preclinical toxicology reduced the number of mitochondria showing abnormal vacuolization, dilated cristae, and inner and outer membrane separation and also improved transaminitis in the animals. Most important, MB-treated animals had sustained clinical recovery, including those that were in moribund condition prior to MB administration. These cumulative results suggest that a formal clinical trial of MB in human subjects with severe hepatic pathology due to WD would be rational. The patient population would include those for whom liver transplantation would otherwise be required to preserve life.
Remaining questions and conclusions
There are several minor caveats and questions that remain to be addressed for this newly proposed clinical application. First, parenteral administration of MB was required in the current studies, because acid sensitivity and time-dependent tem-Lichtmannegger, Leitzinger, and colleagues have clearly demonstrated that MB provides superior therapeutic benefit compared with that provided by the standard copper chelators D-PA, TETA, and TTM in the context of severe liver disease in the WD rat model. The authors focused especially on mitochondrial pathology in the diseased rat liver (as well as in cultured hepatocyte-like cells), as the hepatic mitochondrial accumulation of copper that occurs in both WD patients and animal models results in observable ultrastructural abnormalities (16, 17) . MB treatment impressively and rapidly corrected the massive mitochondrial copper overload, increasing biliary copper excretion at least 10-fold more than did the alternative chelators (Figure 1) . Moreover, MB bound copper much more avidly than did the other chelators tested and easily navigated mitochondrial entry and exit, mirroring the peptide's cell wall permeability in its native bacterium. MB 
